Purpose: To examine structural changes in the lacrimal sac epithelium and associated lymphoid tissue of rabbits with experimentally induced dacryocystitis. Methods: Experimental dacryocystitis was induced by an inoculation of Staphylococcus aureus into the lacrimal sac. The histological changes of the inflamed lacrimal sac epithelium and associated lymphoid tissue were studied by light and electron microscopy. Results: After 1 month, numerous inflammatory cells (CD20-positive B lymphocytes, CD3-positive T lymphocytes, IgA-positive plasma cells, and polymorphonuclear leukocytes) infiltrated the lamina propria and the epithelium overlying the diffuse lymphoid tissue. Three months later, the density of the infiltrated leukocytes was markedly decreased. The epithelial lining overlying the diffuse lymphoid tissue became thicker with numerous secretory granules in the supranuclear regions.
Introduction
The ocular surface is constantly in contact with environmental microorganisms and hence is vulnerable to infection. The flow of tears carries foreign materials and antigens into the lacrimal drainage system where the lacrimal sac mucosa has a variety of anti-infection strategies to prevent colonization by microorganisms. [1] [2] [3] [4] [5] [6] [7] The first line of defense against invading pathogens is the lacrimal sac epithelium. 2, 8 The epithelial cells covering the inner surface are tightly bound together by junctional complexes and protect the underlying tissues from viral or bacterial invasion. The epithelial cells secrete IgA, 2 anti-infection peptides, 6 and mucins. 7 Many pathological conditions can cause structural changes in the mucosa, including hyperplasia of the goblet cells. 8 A second line of defense, which is integrated with the activities of the epithelium, is the lacrimal drainage-associated lymphoid tissue (LDALT). 9 The LDALT constitutes a part of the mucosa-associated lymphoid tissue (MALT). 10, 11 These defense mechanisms prevent attacks from bacteria that could lead to dacryocystitis.
Dacryocystitis is the most frequent result of infections in the efferent lacrimal drainage system. It arises because of obstruction of the lacrimal duct, pooling of tears in the lacrimal sac, and subsequent infection. 12 However, the pathogenesis is still not completely known. In an effort to clarify this etiological uncertainty, we established a 
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Ishikawa et al model of dacryocystitis in rabbits. 13 In the present study, we used the model to examine structural changes in the rabbit lacrimal sac epithelium and the associated LDALT.
Materials and methods
Fifteen male Japanese white rabbits, each weighing about 2.0 kg, were used in this study. The rabbits were maintained in accordance with the Association for Research in Vision and Ophthalmology statement on the care and use of animals in ophthalmic research.
Induction of experimental dacryocystitis
Experimental dacryocystitis was induced using our previously described methods. 13 Briefly, 2.5% purified egg white albumin was emulsified in complete Freund's adjuvant and injected subcutaneously into the backs of the 15 rabbits (1.0 mL/rabbit). An additional adjuvant, inactivated Bordetella pertussis, was injected intravenously (1010 cells/rabbit). After 4 weeks, the inactivated B. pertussis (1010 cells/rabbit, 0.1 mL) was injected into the right and left lacrimal sacs through the lacrimal punctum. Immediately after the B. pertussis injection into the lacrimal sacs, Staphylococcus aureus (ATCC25923), grown at 37°C and suspended in 0.3 mL saline (107 cells/ mL), was injected into the right lacrimal sac via the lacrimal punctum. The left lacrimal sac was injected with purified egg white albumin and served as the control.
Histological procedures
The rabbits were euthanized by an overdose of ketamine injected into a marginal ear vein at 1 or 3 months after infection. The lacrimal sacs were removed, dissected in chilled saline, and fixed in 10% formalin in 0.1 M phosphate buffer (pH 7.4) for 24 hours. The specimens were then embedded in paraffin, and 10 µm sections were cut. The sections were stained with hematoxylin-eosin for light microscopy.
For electron microscopy, the lacrimal sacs were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hours. After postfixation with 1.0% osmium tetroxide in the same buffer, they were dehydrated and then embedded in epoxy resin. Ultrathin sections were prepared with a diamond knife on the MT-II ultramicrotome (Du Pont, Newtown, CT) and examined with an H-700 electron microscope (Hitachi, Ltd, Tokyo, Japan).
Immunohistochemistry
For immunohistochemistry, lacrimal sacs were f ixed with 1% paraformaldehyde in 0.1 M phosphate buffer for 1 hour at 4°C (n = 5 animals per experiment group).
They were then embedded in optimal cutting temperature compound (Sakura Global Holdings, Tokyo, Japan) and frozen with liquid nitrogen. Cryosections were incubated with mouse antihuman CD20 monoclonal antibody (1:100 Quantitative analysis of images obtained by light and electron microscopy ImageJ 1.34 (National Institutes of Health, Bethesda, MD) software was used for image processing. We picked five light micrographs for each experiment. In each section, the number of the inflammatory cells located in the epithelium and lamina propria was counted at three different locations, and the density of cells per 100 µm 2 was calculated. Densities of secretory granules were calculated per epithelial cell in ten electron micrographs at each experimental condition. Statistical significance was determined by two-sided Student's t-test, and P values less than 0.05 were considered significant.
Results

Structure of the control lacrimal sac
In control lacrimal sacs, the LDALT comprised both nodular and diffuse lymphoid tissue ( Figure 1A) . A flattened follicleassociated epithelium (FAE) covered the lymphoid follicle ( Figure 1B ). In the nodular lymphoid tissue, numerous lymphocytes were aggregated. The epithelial layer of the lacrimal sac had a columnar pseudostratified appearance, and the epithelial cells contained a few secretory granules. There were no goblet cells present ( Figure 1C and D) . A number of inflammatory cells were located in the vicinity of the basal epithelial layer and the lamina propria ( Figure 1D ).
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LDALT in experimental dacryocystitis
S. aureus-induced dacryocystitis
Three of the 15 rabbits did not develop acute dacryocystitis after S. aureus inoculation into the lacrimal sac. The remaining twelve rabbits developed acute dacryocystitis with swelling and redness in the lacrimal sac region by 1 month after inoculation. Five of these were euthanized at that time, and the lacrimal sacs were extirpated. Dacryocystitis persisted for 3 months in the remaining seven rabbits. These seven rabbits experienced loss of hair in the lacrimal sac region (Figure 2A ), and upon application of pressure a mucopurulent material was regurgitated onto the ocular surface ( Figure 2B ). Control lacrimal sacs without S. aureus inoculation did not develop inflammation.
Light microscopic examination of S. aureus-induced dacryocystitis nodular lymphoid tissue
One month after S. aureus inoculation, nodular inflammatory cells were present in the lamina propria of the lacrimal sac ( Figure 3A) , and the epithelial cells had varying degrees of inflammatory cell invasion ( Figure 3B ). There was also some desquamation of the degenerated epithelial cells that covered the follicle. Three months later, the epithelial lining covering the nodular lymphoid tissue was intact, and the infiltration of the inflammatory cells decreased ( Figure 3C ).
Diffuse lymphoid tissue
One month after S. aureus inoculation, there were numerous inflammatory cells in the lacrimal sac epithelium and lamina propria ( Figure 4A -C). There were also degenerated cells that had desquamated from the epithelium ( Figure 4B ). The lamina propria was thicker than in the controls, possibly due to the presence of the inflammatory cells ( Figure 4A -C).
Three months after S. aureus inoculation, fewer inflammatory leukocytes remained diffusely distributed in the epithelium and lamina propria ( Figure 4D -F). A number of light cells ( Figure 4E ) and goblet cells ( Figure 4F ) were present in the epithelial layer. The thickness of the lamina propria was thinner compared with 1 month after inoculation.
Electron microscopic examination nodular lymphoid tissue in lacrimal sac with S. aureus-induced dacryocystitis
One month after S. aureus inoculation, the FAE contained cored secretory granules ( Figure 5A ). Numerous plasma cells and lymphocytes, some of which were apoptotic, were 
Diffuse lymphoid tissue in lacrimal sac with S. aureus-induced dacryocystitis
One month after S. aureus inoculation, necrotic epithelial cells were distributed within the epithelium ( Figure 6A ). The intact epithelial cells had numerous cored secretory granules in the apical portions. Abundant lymphocytes and polymorphonuclear leukocytes were infiltrated into the lamina propria and epithelial layer ( Figure 6A and B) . High endothelial venules (HEVs, Figure 6C ) and dendritic cells ( Figure 6D ) were present in the lamina propria. Along with the lymphocytes, there were also plasma cells in the lamina propria ( Figure 6C and E) .
Three months after S. aureus inoculation, the stratified columnar epithelium was three to four cells deep, and the apical layer was composed of a mixture of light and dark cells ( Figure 7A-C) . The dark cells contained apically located secretory granules. There appeared to be an increase in the number of cored secretory granules compared with the specimens at 1 month after bacterial inoculation. The dark cells had well-developed microvilli that were embedded in the surrounding apical extracellular matrix ( Figure 7D and E). In contrast, there were only rudimentary microvilli without any extracellular matrix on the apical surface of the light cells ( Figure 7D and F) .
At 3 months after inoculation, the number of the infiltrated inflammatory cells was diminished compared with that at 1 month. The HEVs ( Figure 7G ) and plasma cells ( Figure 7H ) remained, but there were more collagen fibers and fibrocytes ( Figure 7I ) in the lamina propria compared with 1 month after inoculation.
Quantitative analysis of results obtained by light and electron microscopy
The density of infiltrated inflammatory cells in both the epithelium and lamina propria was highest 1 month after S. aureus inoculation (Table 1) . By 3 months, the density was significantly lower but still elevated compared with the control lacrimal sacs.
LDALT in experimental dacryocystitis
At 1 month after inoculation, numerous CD20-positive lymphocytes were distributed predominantly in the lamina propria, though some were present in the epithelium ( Figure 9D and F) . At the same time, many CD3-positive lymphocytes were infiltrated into the lacrimal sac epithelium and lamina propria ( Figure 9E and F) . Three months after inoculation, there were fewer CD20-positive lymphocytes in the lamina propria ( Figure 9G and I) ; however they remained in greater density than the controls. At that time, there were many fewer CD3-positive lymphocytes in the lamina propria ( Figure 9H and I ).
Discussion
We have established an experimental rabbit dacryocystitis model of chronic S. aureus infection. 13 In the present study, we used the model to demonstrate structural changes of the lacrimal sac epithelium and the LDALT in response to bacterial infection. One month after S. aureus inoculation, the epithelium and lamina propria of the lacrimal sac were characterized by the prominent invasion of CD3-and CD20-positive lymphocytes, IgA-positive plasma cells, and polymorphonuclear leukocytes. A resulting inflammatory immune response with the production of cytokines and proteases is likely to have occurred and may have led to epithelial destruction. 14, 15 Three months after inoculation, the inflammatory cells had diminished, and secretion by the epithelium may have been more activated as judged by the presence of secretory granules in the supranuclear region of the dark cells in the epithelium compared with 1 month. There were more collagen fibers and fibrocytes in the lamina propria compared with 1 month. These results indicate that the lacrimal sac epithelium and the LDALT play a major role in defense mechanism against microorganisms during the inflammatory process.
LDALT is divided into two forms. In one, the lymphocytes are organized into the nodular lymphoid tissue, and in the other the lymphocytes are diffusely distributed. 12 The nodular lymphoid tissue represents the afferent arm of mucosal immunity where antigens are taken up from the environment by the specialized FAE. 13 Antigens are then presented to lymphocytes by antigen-presenting dendritic cells. In the present study, the FAE showed varying degrees of inflammatory cell invasion after bacterial inoculation, whereas the structure of the nodular lymphoid tissues was maintained during the chronic experimental inflammation. The diffuse form of lymphoid tissue, in contrast, is perceived as the efferent arm of mucosal immunity. The density of the secretory granules in the dark cells of the epithelium was significantly elevated compared with controls after 1 month (Table 2 ). Three months after inoculation, the density of epithelial granules increased further and was significantly greater than at 1 month after inoculation.
Immunohistochemistry
In the nodular lymphoid tissue, CD20-positive B lymphocytes were accumulated in the center of lymphoid follicle 1 month after inoculation ( Figure 8A ). Some of these cells had infiltrated into the surrounding diffuse lymphoid tissue. At the same time, IgA-positive plasma cells were diffusely distributed in the lacrimal sac epithelium and lamina propria ( Figure 8B ). The density of these cells was decreased 3 months after inoculation ( Figure 8C) .
In control lacrima sacs, there were few CD20-and CD3-lymphocytes in the lamina propria ( Figure 9A-C) .
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The present study demonstrated the remarkable changes of effector components of the mucosal immune system such as CD20-positive B lymphocytes, CD3-positive T lymphocytes, IgA-positive plasma cells, and polymorphonuclear leukocytes after bacterial inoculation. These findings indicate that the lacrimal sac is protected from pathogens by the local immune system present in the form of the LDALT.
Chronic dacryocystitis is characterized by overproduction of the mucopurulent substances from the lacrimal sac epithelium. Dacryocystorhinostomy tissue samples of Mauriello et al 8 revealed an increased amount of mucous secretion accompanied by significantly increased numbers of goblet cells, 8 which are very sparse in the normal lacrimal sac. Correspondingly, with experimental dacryocystitis in the present study, there was a marked increase of secretory granules in the lacrimal sac epithelium. This probably contributed to the mucus hypersecretion that resided on the luminal surface and the mucopurulent exudate that was prominent at 3 months after inoculation. The thick layer of mucus on the lacrimal sac epithelium could trap the microorganisms, and it may act as a mechanical barrier against microbial invasion. The factors controlling the production of lacrimal sac-associated mucus are unknown, but it is possible that hypersecretion of mucus in the lacrimal sac can be linked with enhanced antimicrobial defense. However, excessive mucus production also contributes to insufficient 
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LDALT in experimental dacryocystitis gas exchange and keeps the microenvironment around the epithelium relatively anaerobic. 16 This might contribute to the maintenance of chronic inflammation.
One of the main symptoms of the dacryocystitis is a refractory mucopurulent discharge. The control of mucus hypersecretion may thus contribute to the treatment of these diseases. Kaneko et al 16 reported that clarithromycin, a macrolide antibiotic, prevents overproduction of mucin by inhibition of MUC5AC core protein, a major component of mucin, in a murine model of diffuse panbronchiolitis. As an extension to these studies, we will use our model of experimental rabbit dacryocystitis to analyze the extent of MUC5AC production in the lacrimal sac epithelium and the effect of macrolide treatment.
In the present study, it is of interest that the inflammatory cells diminished, and the proliferation of collagen fibers and fibrocytes became prominent in the lamina propria 3 months after bacterial inoculation. If the scarring of the inflamed lacrimal sac progresses, the obstruction of the lacrimal sac drainage might be induced at the late stage of the chronic dacryocystitis. Consistently, Paulsen et al 17 reported that LDALT seems to be lost associated with the scarring of symptomatic dacryostenosis. Although the pathogenesis of the primary acquired nasolacrimal duct obstruction remains unclear, the present results might suggest that scar formation of the duct may precede the primary acquired nasolacrimal duct obstruction. 
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